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Summary
Participation of actin in cellular processes relies on the
dynamics of filament assembly. Filament elongation is
fed by monomeric actin in complex with either profilin
or a Wiscott-Aldrich syndrome protein (WASP) homol-
ogy domain 2 (WH2)/b-thymosin (bT) domain. WH2/bT
motif repetition (typified by ciboulot) or combination
with nonrelated domains (as found in N-WASP) results
in proteins that yield their actin to filament elongation.
Here, we report the crystal structures of actin bound
hybrid proteins, constructed between gelsolin and
WH2/bT domains from ciboulot or N-WASP. We ob-
serve the C-terminal half of ciboulot domain 2 bound
to actin. In solution, we show that cibolout domains 2
and 3 bind to both G- and F-actin, and that whole cibou-
lot forms a complex with two actin monomers. In con-
trast, the analogous portion of N-WASP WH2 domain 2
is detached from actin, indicating that the C-terminal
halves of the bT and WH2 motifs are not functionally
analogous.
Introduction
G-actin bound either to members of the WH2/bT or the
profilin families of proteins provides the major source
of actin monomers during filament nucleation and elon-
gation (Paavilainen et al., 2004). The minimal WH2-
containing proteins are typified by thymosin-b4 (Tb4)
and consist solely of a single motif. Tb4s are not able to
directly assemble actin, but they participate circuitously
through exchange of actin with profilin (Safer et al., 1997).
Multiplication of the WH2 repeat, as observed in non-
mammalian proteins such as actobindin, ciboulot, and
tetrathymosinb (TTb), confers activities similar to profilin
(Hertzog et al., 2002; Paunola et al., 2002; Van Troys et al.,
2004). Combination of the WH2/bT motif with nonrelated
sequences produces specialized proteins such as
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WASP-family verprolin homologous protein (WAVE),
and WASP interacting protein (WIP) (Paavilainen et al.,
2004). Many of these proteins utilize their WH2 motifs
for barbed-end elongation in a restricted set of circum-
stances; for instance, WASP and WAVE surrender their
WH2 bound actin to the arp2/3 actin filament nucleation
complex (Welch and Mullins, 2002). The WH2 repeat in
these proteins is often found proximal to polyproline se-
quences, suggesting that the two suppliers of actin
monomers for barbed-end elongation have complimen-
tary activities. Replication of the WH2/bT motif is also
found in a few multidomain proteins, such as N-WASP
(two motifs) and spir (four motifs) (Hertzog et al., 2004;
Quinlan et al., 2005; Wellington et al., 1999; Yamaguchi
et al., 2000).
The denotation of WH2/bT as a single family of pro-
teins is controversial (Edwards, 2004; Paunola et al.,
2002). An alternative classification places these proteins
into 2 families: the bTs, comprising a 43 amino acid re-
peat found in Tb4, ciboulot, and TTb, and the WH2 family,
consisting of a less extensive repeat of 17 amino acids
found in the remaining proteins, including actobindin
(Edwards, 2004). In isolation, the WH2/bT motif exists
in flexible, multiconformational states, a consequence
of having no structural core (Czisch et al., 1993). Re-
cently, a number of methods were devised to stabilize
WH2/bT:actin complexes with respect to crystallization.
A tricomplex of ciboulot, actin, and the polymerization-
inhibiting drug latrunculin yielded the details of the inter-
action of the N-terminal half of a bT repeat with actin
(Hertzog et al., 2004). A hybrid complex of Tb4 with gel-
solin domain 1 (a powerful protein sequesterer of actin
monomers) revealed the specifics of the interactions of
the C-terminal half of a bT repeat with actin (Irobi et al.,
2004). A composite of these two structures provides
a good model for the bT subfamily of WH2/bT:actin com-
plexes (Irobi et al., 2004). Very recently, the actin bound
structures of the N-terminal halves of WH2 domains of
WASP and WAVE and the entire WH2 motif from WIP
were determined as trimeric complexes with DNase I
(Chereau et al., 2005). Where ordered, the bT and WH2
motifs occupy similar contact surfaces on the face of
G-actin.
The Drosophila protein ciboulot consists of three bT
repeats and has been shown to bind to G-actin in a 1:1
ratio, the first domain alone being sufficient to repro-
duce the actin assembly properties of the entire mole-
cule (Boquet et al., 2000). The second and third domains
originally were reported to show no appreciable affinity
for actin (Hertzog et al., 2004); however, more recent ca-
lorimetric data suggest an interaction with G-actin
(Chereau et al., 2005). TTb is the sequence and func-
tional homolog of ciboulot from C. elegans and com-
prises four WH2 domains (Van Troys et al., 2004). Each
of the TTb domains bind directly to actin (domains 1,
2, and 4 to G-actin; and 2 and 3 to F-actin), supporting
a mechanism whereby all four bT repeats contribute to
the functionality of the protein. The significance of mul-
tiple WH2 motifs in proteins that also contain nonrelated
Structure
470Figure 1. Hybrid Protein Design
(A) Structural-based sequence alignment of
WH2/Tb domains. Yellow, Tb4-like residues
within the C-terminal half; pink, functionally
analogous residues in both gelsolin and WH2/
Tb domain families; gray, Tb4-like residues
within the N-terminal half; blue, conserved
residues throughout the WH2 family, with the
exception of Tb4. Accession numbers are:
gelsolin (X04412), Tb4 (NM_021109), ciboulot
(Cib, NM_167001), TTb (NM_077029), acto-
bindin (Act, A36614), N-WASP (NM_003941),
WASP (U12707), WAVE1 (BC044591),
WAVE2 (AB026542), and WAVE3 (AB026543).
(B) Design of hybrid proteins. The coloring
scheme of WH2/Tb domains is the same as
that used in (A).domains is beginning to be understood. Spir has been
determined to be an actin filament-nucleating and -cap-
ping protein that binds G-actin in each of its WH2 do-
mains (Quinlan et al., 2005). The stoichiometry of G-actin
binding by the tandem WH2 motifs in N-WASP, how-
ever, has not been determined. The two WH2 repeats
immediately precede the C and A regions at the C termi-
nus of N-WASP. The C and A regions are known interac-
tion motifs for arp2/3, and at least one of the WH2 motifs
binds to G-actin (Panchal et al., 2003; Welch and Mullins,
2002). A truncate comprised of one WH2 motif and CA
regions is sufficient to initiate arp2/3 branching, al-
though both WH2 motifs are required for maximal acti-
vation (Yamaguchi et al., 2000).
In an attempt to clarify the mechanisms of actin as-
sembly by multiple WH2/bT motifs, we have applied
the gelsolin-WH2/bT hybrid approach (Irobi et al.,
2004), which stabilizes the WH2/bT:actin interaction
and inhibits actin polymerization during crystallization,
to WH2/bT domains from ciboulot and N-WASP. Here,
we present the crystal structures of gelsolin hybrids of ci-
boulot domain 2 (G1-Cib23) and N-WASP WH2 domain 2
(G1-Nw2) in complex with actin. This approach reveals
that the C-terminal halves of ciboulot domain 2 (Cib2)
and N-WASP WH2 domain 2 are not equivalent within
the hybrid setting, with only Cib2 being associated with
the face of actin. Crosslinking studies reveal that the
isolated ciboulot domains Cib2 and Cib3 are able to
bind to both G- and F-actin, and that whole ciboulot
(Cib123) can form a 1:2 complex with actin. We suggest
mechanisms by which the 1:2 complex may participate
in actin dynamics.
Results
Hybrid Design
Hybrid proteins were designed based on the sequence
alignments of the WH2/bT family with a small structurallyand functionally similar portion of gelsolin (Figure 1) (Ir-
obi et al., 2003, 2004; Paunola et al., 2002). Gelsolin res-
idues 149FKHV152 are situated in a loop between
strands A0 and A of domain 2 (G2) in the inactive state
(Burtnick et al., 1997). Upon activation, the A0 strand
separates from G2, and the elongated linker binds to ac-
tin in a manner akin to WH2/bT motifs (Irobi et al., 2003).
In these hybrid proteins, the WH2/bT N-terminal helix is
replaced by G1, and there are two amino acid substitu-
tions within the central homologous region (L68F and
T71V in G1-Cib23 and L447F and S449H in G1-Nw2).
The inclusion of G1 inhibits actin polymerization and sta-
bilizes the WH2/bT motif with respect to crystallization
(Irobi et al., 2004).
Structure of G1-Cib23:Actin
CrystalsofG1-Cib23:actin complexes diffracted to2.05 A˚.
The data collection and refinement statistics are summa-
rized in Table 1. The structure reveals that G1 binds to its
expected site between subdomains 1 and 3 of actin
(McLaughlin et al., 1993), with Cib2 extending up the
face of actin terminating between subdomains 2 and 4
of actin (Figures 2A and 2B). The 2Fo 2 Fc electron den-
sity map covering Cib2 shows unambiguous density up
to ciboulot residue Asp81. The density around Lys82
however is poor, and no density is apparent for the last
7 residues of Cib2. Hence, neither the Cib2 C-terminal
helix, observed for Tb4, nor Cib3 are ordered in this
structure (Figures 3A and 3B).
Three residues differ between the C termini of Cib2
and Tb4 (N74Q, D81S, and A84T, ciboulot numbering;
Figure 1A). Comparison of the G1-Cib23:actin and G1-
Tb4:actin structures (Irobi et al., 2004) reveals that these
amino acid substitutions do not translate into significant
conformational changes, nor do they abrogate the actin
binding properties of this region (Figures 3A and 3B).
The binding of the Cib2 and Tb4 C termini locks actin
into a relatively more closed conformation compared
WH2/bT:Actin Interactions
471Table 1. Data Collection and Refinement Statistics
G1-Cib23:Actin G1-Nw2:Actin
Wavelength 0.9340 0.9756
Space group P21 P212121
Unit cell a = 56.22 A˚, b = 69.37 A˚,
c = 79.65 A˚, b = 95.1º
a = 57.00 A˚, b = 69.35 A˚,
c = 179.87 A˚, a = b = g = 90º
Resolution (A˚) 30–2.05 (2.10–2.05) 30–2.00 (2.05–2.00)
Unique reflections 38,086 (2,787) 45,266 (3,412)
Redundancy 3.6 (3.6) 4.3 (3.5)
Completeness (%) 99.2 (98.3) 97.1 (95.2)
Average I/s 14.2 (3.0) 15.5 (4.4)
Rmerge
a (%) 9.7 (34.8) 12.8 (23.2)
R factorb (%) 20.3 (23.3) 21.2 (24.7)
Rfree
c (%) 23.7 (29.4) 25.1 (28.3)
Nonhydrogen atoms (G1-Cib23/Nw2, actin, Ca,
ATP, water)
1089, 2822, 3, 31, 277 1017, 2802, 3, 31, 341
Residues (G1, Cib23/Nw2, actin) 28–152, 72–82, 6–39/50–375 28–152, 451–453, 6–38/51–375
Mean temperature factors (A˚2) (G1, Cib23/Nw2,
actin, Ca, ATP, water)
19.0, 52.9, 24.0, 14.6, 16.0, 29.2 21.0, 38.0, 24.9, 15.5, 17.2, 33.8
Rms deviation bonds (A˚) 0.008 0.007
Rms deviation angles (º) 1.090 1.074
a Rmerge (SjI 2%IRj/S%IR).
b R factor (SkFoj2jFck/SjFoj.
c Based on 5% of the data.to G1-Nw2 (see below) or G1 (PDB 1EQY; McLaughlin
et al., 1993) (Figure 3C).
Interaction of Ciboulot and Actin in Solution
The specific interaction between Cib2 and actin within
the crystal structure prompted us to clarify the actin
binding properties of ciboulot in solution. Peptides of
Cib2 and Cib3 were crosslinked to actin under condi-
tions where control peptides showed no crosslinking.
SDS-PAGE analysis revealed that both Cib2 and Cib3
are able to crosslink to actin in both the soluble fraction
and the pellet of the high-speed centrifugation of actin
under polymerizing conditions (Figure 4A). The mobility
assessed by SDS-PAGE is consistent with apparent mo-
lecular masses of the 1:1 complexes. We also confirmed
that both Cib2 and Cib3 are readily able to crosslink to
actin in nonpolymerizing conditions (Figure 4A). Cross-
linking of Cib123 to G-actin at low crosslinker concentra-
tion resulted in a major species with a molecular weight
attributable to the 1:1 Cib123:actin complex on the West-
ern blot probed with an anti-actin antibody (Figure 4B). A
faint band is also present that is consistent with the 1:2
complex. Under these conditions, crosslinked profilin:
actin species migrate at an apparent molecular mass ap-
propriate for the 1:1 complex. Crosslinked gelsolin:
actin migrates as a major high-molecular weight species
and a minor lower molecular weight species, presumably
the 1:2 and 1:1 complexes, respectively, while actin
shows no significant crosslinking (Figure 4B). At higher
concentrations of crosslinker, the species consistent
with a 1:2 ciboulot:actin complex becomes more pro-
nounced (Figure 4B).
Structure of G1-Nw2:Actin
Crystals of the G1-Nw2:actin complex diffracted to 2.0 A˚
in space group P212121 (Table 1). The G1 portion in-
teracts with actin in a similar fashion observed in the
ciboulot hybrid structure (Figures 2C and 2D). The
447LKSV450 motif (FKHV in the hybrid) forms a b sheetinteraction with actin residues 22–24 in the typical man-
ner that has characterized this central region in WH2/bT
proteins (Hertzog et al., 2004; Irobi et al., 2004). The sub-
sequent unique Nw2 portion, however, makes a twist
away from the actin protomer, with residues Ala451,
Asp452, and Gly453 being detached from the surface
of actin (Figures 2C and 2D). No electron density was ob-
served for the remaining residues.
Models of the Ciboulot Interaction with Actin
An in silico model of the three bT motifs each bound to an
actin monomer was constructed. This model demon-
strates that adjacent bT motifs may theoretically interact
with actin monomers without causing steric clashes be-
tween monomers (Figure 5A). Comparison to the Holmes
model of the actin filament (Figure 5B) reveals that cibou-
lot may only reach to interact with multiple longitudinally
related, and not laterally related, actin protomers, as has
been observed for spir (Holmes et al., 1990; Quinlan et al.,
2005). However, there are two steric clashes that prevent
the ciboulot:actin model from condensing into the fila-
ment model. The C-terminal helix of ciboulot domain 1
(Cib1) and the N-terminal helix of Cib2 hinder actin-actin
interactions between neighboring actin subunits (2 in
Figure 5A). The identical scenario exists for the C-termi-
nal helix of Cib2 and the N-terminal helix of Cib3.
Discussion
Actin Binding by Ciboulot
The C-terminal half of Cib2 binds to actin in a similar
manner to Tb4 (Figure 3). This interaction is enhanced
by the presence of G1; however, the G1-Nw2 construct
provides a negative control in attesting to specificity of
the interaction between the C-terminal half of Cib2 and
actin. Sequence conservation between the C-terminal
halves of the WH2/Tb domains of ciboulot, actobindin,
and TTb suggests that this group of proteins will all inter-
act with actin in the same fashion (Figure 1A). In
Structure
472accordance with this, actin has been determined to bind
to each of these motifs found in actobindin and TTb
(Bubb et al., 1994; Van Troys et al., 2004). Here, we
have demonstrated that Cib2 and Cib3 can bind to
both G- and F-actin and that Cib123 can form a 1:2 com-
plex with G-actin. These data concur with the recent ca-
lorimetric data that demonstrated an interaction be-
tween Cib2 and Cib3 with G-actin (Chereau et al.,
2005). The Tb motif has no structural core, and, hence,
the strong sequence homology within the family appears
to have been maintained from the functional necessity to
bind to actin rather than through structural pressures.
The lack of actin binding exhibited by Cib2 and Cib3 in
an earlier report (Hertzog et al., 2004) appears to arise
from truncations in the TbN-terminal helices, which par-
ticipate in the actin interaction surface (Hertzog et al.,
2004; Irobi et al., 2004; Van Troys et al., 2004). Previous
studies had determined the stoichiometry of full-length
ciboulot binding to actin to be 1:1 (Boquet et al., 2000).
The existence of the second higher-order complex (1:2)
may not have been apparent due to the lower crosslink-
ing temperature and/or the less sensitive visualization
method used in these experiments (Boquet et al.,
2000). The Cib123:actin crystal structure showed no in-
teraction between the C-terminal half of Cib1 and actin
(Hertzog et al., 2004). This complex also contained la-
Figure 2. Structures of G1-Cib23:Actin and G1-Nw2:Actin Com-
plexes
(A) Front view of G1-Cib23:actin. Actin is shown in light blue (subdo-
mains labeled 1–4); ATP is drawn in orange (ball-and-stick), and the
associated calcium ion is shown as a green sphere. The G1 portion
of the hybrid (residues 27–149) is shown in tomato, and the G1
bound calcium ions are represented by purple spheres. The golden
portion of the hybrid represents the G1 sequence that is analogous
to ciboulot (residues 69–72) and N-WASP (residues 419–422). The
Cib2 portion is shown in green (residues 73–89).
(B) A 90º rotation of (A) around the vertical axis.
(C) Front view of G1-Nw2:actin. Actin and gelsolin retain the colors
as in (A). The Nw2 portion is in green (residues 423–425).
(D) A 90º rotation of (C) around the vertical axis.trunculin, a small molecule that inhibits actin polymeriza-
tion. Latruculin binds to actin between subdomains 2
and 4, setting the spacing of these two subdomains to
one inappropriate to bind the Tb motif, as determined
here. Furthermore, latrunculin has indeed been shown
to lower binding affinities of Tb4 and ciboulot for actin
(Hertzog et al., 2002; Ayscough et al., 1997; Yarmola
et al., 2000). Taken together, we assert that the present
data suggest that each of the ciboulotbT motifs will inter-
act with actin by utilizing both the N- and C-terminal
halves of the repeat.
The finding that Cib123 contains F-actin binding mo-
tifs and can interact with more than one molecule of G-
actin requires reconsideration of the mechanisms of ci-
boulot-mediated actin assembly. Mutation of 4 residues
in Tb4 to the counterparts in Cib1 demonstrated the min-
imal changes needed to turn the purely actin-sequester-
ing Tb motif into a barbed-end assembler. These muta-
tions lower the affinity of the central and the C-terminal
capping helix for actin, dynamically freeing this end of
the monomer to allow interaction with a filament (Hert-
zog et al., 2004). This mechanism remains valid in the
case when only one actin monomer is bound to cibolout.
The model of Cib123 bound to three actin monomers
supports the biochemical data in suggesting that the si-
multaneous binding to more than one actin monomer is
not structurally disallowed (Figure 5A). Within this
model, three distinct points of regulation are apparent
(Figure 5). First, the final C-terminal helix (1 in
Figure 5A) caps the pointed end of a monomer or a fila-
ment. Second, the initial N-terminal helix (3 in Figure 5A)
caps the barbed end of a monomer; however, this cap
Figure 3. Comparison of Actin Bound WH2/Tb Domain Superim-
posed Structures
(A) The WH2/Tb chains are shown as Ca traces, and the actin proto-
mer is shown as a ribbon representation (light blue). Cib2 is drawn in
light green, Tb4 (Irobi et al., 2004) is drawn in pink, Cib1 (Hertzog
et al., 2004) is drawn in purple, and N-WASP is drawn in black.
(B) A 90º rotation of (A) around the vertical axis.
(C) Comparison of the actin structures from G1-Cib23:actin (blue)
and G1-Nw2 (yellow) through superposition of subdomain 4.
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473has been predicted to be released from a filament in re-
sponse to the G- to F-actin transition in a mechanism
akin to profilin release during polymerization (Hertzog
et al., 2004; Irobi et al., 2004). Third, the inter-bT motif in-
teractions with actin (2 in Figure 5A) are not allowed in F-
actin due to steric clashes. We have previously specu-
lated that within any one inter-bT motif, the release of
the N-terminal helix through the G- to F-actin transition
will also drag the C-terminal helix off the next monomer,
priming it for incorporation into the filament (Irobi et al.,
2004).
Combination of these structural model-derived mech-
anisms with the biochemical data allows the proposition
of a general scheme for bTs when bound to multiple ac-
tin monomers (Figure 6). TTb binds G-actin through its
WH2 motifs, in domains 1, 2, and 4 (Van Troys et al.,
2004). We speculate that the F-actin binding WH2 do-
main 3 in combination with the bound actin monomers
target the complex to the ends of the filament
(Figure 6A). At the barbed end, the G-actins bound to
Figure 4. Binding of Whole Ciboulot and Its Single Domains to Actin
as Revealed by EDC Crosslinking
(A and B) In these experiments, the actin concentration was 4 mM,
and the concentrations for Cib123, profilin, gelsolin, and synthetic
peptides were 4 mM, 4 mM, 1.4 mM, and 20 mM, respectively. Reac-
tions were conducted at 20ºC for 1 hr. (A) Cib2 and Cib3 peptides
(MW 5 kDa) can be crosslinked to both G- and F-actin, while a ran-
domly selected peptide (Ctrl) cannot be crosslinked under the
same conditions (1.4 mM EDC and sulfo-NHS). S and P denote frac-
tions from supernatant and pellet, respectively. The gel was stained
with Coomassie blue. Crosslinked cibolout/actin species move with
a slightly higher apparent molecular mass than actin alone (denoted
by an asterisk). (B) A Western blot probed with an anti-actin antibody
demonstrating that Cib123 interacts with more than one actin under
nonpolymerizing conditions. Cib123 (15 kDa), profilin (15 kDa), and
gelsolin (88 kDa) were crosslinked to actin (43 kDa) at two concen-
trations of crosslinker (1.4 and 4 mM). Untreated and crosslinked ac-
tin alone are included for comparison, and the migration of mono-
meric actin is marked by an asterisk. The band migrating slightly
slower than the 101 kDa marker (Actin + Cib123 at 1.4 mM EDC
lane) displays an apparent molecular mass appropriate for the 1:2
Cib123:actin complex (101 kDa).domains 2 and 1 are consecutively released by the
G- to F-actin transition, while at the pointed end the
cap remains bound (Hertzog et al., 2002). Actobindin
comprises two and one-third bT domains (Irobi et al.,
2004), and the extra one-third consists of an N-terminal
bT helix at the C terminus of the two complete bT motifs.
This extra N-terminal helix may help the removal of the
adjacent C-terminal helix in allowing barbed end addi-
tion when bound to two actin monomers (Figure 6A)
(Bubb et al., 1994). Association of actobindin with a sin-
gle actin monomer would allow pointed end capping,
but double occupation would not permit interaction
with the pointed end (Hertzog et al., 2002). Finally, dou-
ble occupation of Cib123 by G-actin may involve do-
mains 1 and 2 and/or 1 and 3 in order to leave a free F-
actin binding site (domains 3 and 2, respectively). Bind-
ing studies suggest that occupation of domains 1 and 3
will be most favorable (Chereau et al., 2005). However,
both possibilities from the proposed mechanism
Figure 5. Model of Interaction of Cib123 with G-Actin
(A) A model of Cib123 bound to three actin monomers (coral). The N-
terminal half of each ciboulot domain is shown in purple, and the C-
terminal half is shown in yellow. The pointed end cap is labeled ‘‘1,’’
the barbed end cap is labeled ‘‘3,’’ and the inter-Tb connections are
labeled ‘‘2.’’
(B) An actin filament model constructed from ADP-rhodamine-actin
monomers arranged in the Holmes orientation (Burtnick et al., 2004;
Holmes et al., 1990; Otterbein et al., 2001). Actin protomers are
shown in light blue and cyan. The green arrows signify the conforma-
tional changes in ciboulot that are required to allow the actin mono-
mers in (A) to condense into the filament (black arrows).
Structure
474Figure 6. Schematic Models of the Mechanism of F-Actin Interaction with Tb Proteins When Bound to More Than One Actin Monomer
(A) Possible interactions with TTb (black) and actobindin (Act, purple). G-actin and F-actin protomers are depicted in green and light blue, re-
spectively.
(B) Possible interactions of ciboulot (Cib, yellow) with actin. In this mechanism, at the barbed end of the filament (+), the N-terminal helices are
proposed to be released by the actin G- to –F-actin transition, while, at the pointed end (2), the C-terminal cap is unaffected by the state of actin.
Red crosses signify capped filaments (Irobi et al., 2004).presented in Figure 6B would result in the barbed-end
elongation and pointed-end capping that has been ob-
served in vitro (Boquet et al., 2000; Hertzog et al., 2002).
Actin Binding by N-WASP
In contrast to Cib2, the C-terminal half of the N-WASP
WH2 motif does not contact the surface of actin in this
hybrid structure (Figures 2C and 2D). This result should
be questioned in light of the artificial setting of the WH2
motif within the hybrid. Inappropriate hybrid design or
a distorting crystal environment may be responsible
for the lack of binding. Within the central homologous
region, the hybrid amino acid substitutions appear to
be tolerated by the WH2 family. In G1-Nw2, L447F is
an identical substitution to that demonstrated to be ac-
ceptable by the G1-Cib2 and G1-Tb4 hybrids (Irobi et al.,
2004), and S449H replaces the serine with a residue
more commonly found in the WH2/bT family (Figure
1A). However, beyond the central homologous region,
sequence homology between the bT family and N-
WASP breaks down, with N-WASP missing the C-termi-
nal helix. Hence, the lack of binding of this region within
the hybrid may be an indication of a genuine lack of sta-
ble binding of the C terminus of the N-WASP WH2 motif
to G-actin (Edwards, 2004; Irobi et al., 2004; Paunola
et al., 2002). The recent actin bound structures of the
WH2 motifs from WASP and WAVE2 also showed no in-
teraction between the C-terminal halves and actin, while
the WIP WH2 motif binds via a similar site to Cib2 (Cher-
eau et al., 2005). These structures were elucidated in the
presence of DNase I, which binds to, and sets the sepa-
ration between, actin subdomains 2 and 4 (Kabsch et al.,
1990). The actin:DNase I interaction overlaps with the
binding of the C terminus of Tb4 on actin (Irobi et al.,
2004). Hence, the observed lack of interaction with actin
beyond the central homologous regions of WASP,WAVE, and N-WASP may not represent the solution
conformation in the absence of stabilizing agents.
The mechanisms of arp2/3 activation and branching
have coalesced into a generally accepted view that
arp2/3 branches close to the barbed end of the mother
filament (Pollard et al., 2000). Implicit in this mechanism
is that the nucleation-promoting factor (NPF, such as N-
WASP) yields its bound G-actin, or G-actins, to become
the first actin protomer, or protomers, in the daughter fil-
ament. The WH2 domains of N-WASP immediately pre-
cede the arp2/3-interacting CA motifs. Distance con-
straints suggest that the C-terminal half of the WH2
domain should travel in the direction of the filament
and not veer away as seen in the G1-Nw2:actin struc-
ture, in order to allow the CA motifs to contact arp2/3
at the same time that the WH2 domain binds to an actin
monomer. The trivial solution to this is that the hybrid
structure may not reflect the true geometry. However,
this structure alerts us to the possibility that there may
be changes in the nucleation-promoting factor (NPF):ac-
tin interaction during arp2/3 activation.
Experimental Procedures
Hybrid Construction
DNA fragments encoding gelsolin amino acid residues 27–152 (gel-
solin subdomain 1, abbreviated as G1) and ciboulot residues 72–129
(ciboulot domains 2 and 3, abbreviated as Cib23) were amplified by
polymerase chain reaction from cDNAs encoding human gelsolin
and Drosophila ciboulot. Two synthetic DNA oligos 50-GTGGCCGA
CGGCCAGGAGAGCACCCCCCCCACCCCCGCCCCCACCAGCTA-30
(sense) and 50-AGCTTAGCTGGTGGGGGCGGGGGTGGGGGGGGT
GCTCTCCTGGCCGTCGGCCAC-30 (antisense) were annealed to
yield a fragment encoding human N-WASP residues 451–465 (N-
WASP WH2 repeat 2, abbreviated as Nw2). Hybrid DNA fragments
of G1 with either Cib23 or Nw2 were ligated together via a native
Eco721 site (50-CACGTG-30), encoding gelsolin residues His151
and Val152, and the resultant hybrid DNA ligated into the EcoRI
WH2/bT:Actin Interactions
475and HindIII sites in the pHis8-3 vector (Narayan et al., 2003), which
has 8 histidine residues and a thrombin cleavage site N-terminal to
the inserted sequence. The encoded proteins do not contain amino
acid insertions between G1 and Cib23 or Nw2, and their identities
were verified by DNA sequencing.
Proteins and Peptides
The constructed vectors were transformed into BL21 Codon+ (DE3)
RIL expression cells (Stratagene) and grown for 5 hr at 37ºC until the
OD at 600 nm reached 0.7. Protein expression was carried out at
30ºC for 4 hr after induction with 0.5 mM isopropyl-b-D-thiogalacto-
pyranoside (MBI Fermentas). The cells were harvested by centrifu-
gation at 4000 rpm in a Beckman centrifuge for 30 min, and pellets
were frozen at 220ºC. Lysis was achieved by thawing and stirring
at 4ºC with lysozyme (1.0 mg/ml, 30 min), followed by sonication
and centrifugation. For G1-Cib23 and G1-Nw2, the supernatant
was applied to a disposable column packed with Ni-NTA agarose
beads (Qiagen), washed with 50 mM Tris (pH 8.0) and 1 M NaCl,
and then eluted with 50 mM Tris (pH 8.0), 300 mM NaCl, and 250
mM imidazole. The eluted protein was passed through a Superdex
75 column (Amersham Biosciences) preequilibrated in buffer A (2
mM Tris-HCl, 0.2 mM ATP, 0.2 mM CaCl2, 1 mM NaN3, 0.5 mM dithio-
threitol [pH 7.6]). The N-terminal His tags were left intact.
GST-tagged Cib123 was purified on Glutathione Sepharose 4 Fast
Flow beads (Amersham Biosciences), and the bound protein was
cleaved by PreScission protease (Amersham Biosciences) to re-
lease the Cib123. Five extra amino acid residues (GPLGS) from the
vector were present at the N terminus of Cib123, and the whole pep-
tide had a theoretical molecular weight of 14.8 kDa, which was con-
firmed by mass spectrometry (data not shown). Human gelsolin en-
coded in a pET-3a vector (Yu et al., 1991) was expressed in E. coli
and purified by the Ca2+-sensitive anion-exchange method (Reid
et al., 1993). Human profilin was also expressed inE. coli and purified
as described by Almo et al. (1994). Actin was extracted from acetone
powder prepared from rabbit skeletal muscle by the method of Spu-
dich and Watt (1971), and was further purified on a Sephacryl S-300
gel filtration column (Amersham Biosciences). Synthetic peptides
corresponding to ciboulot Tb repeats 2 (amino acid residues 52–
89, abbreviated as Cib2) and 3 (amino acid residues 90–127, abbre-
viated as Cib3) were purchased from Mimotopes (Australia).
Chemical Crosslinking
Zero-length crosslinking reagents 1-ethyl-3(3-dimethylaminopropyl)
carbodiimide (EDC, Sigma) and sulfo-N-hydroxysuccinimide (sulfo-
NHS, Pierce) were used to probe the binding of proteins/peptides to
G- and F-actin (Van Troys et al., 2004). Briefly, G- or F-actin (4 mM)
was incubated at 20ºC alone (as a control) or with Cib123 (4 mM), pro-
filin (4 mM), gelsolin (1.4 mM), or synthetic peptides (20 mM) for 1 hr,
and equimolar EDC and sulfo-NHS were added to a final concentra-
tion of either 1.4 or 4.0 mM. The crosslinking reaction was continued
for another 1 hr, after which EDC was quenched by excess b-mer-
captoethanol. The reaction mixtures were then separated by SDS-
PAGE and visualized by either Coomassie staining or Western blot
with rabbit anti-actin and anti-rabbit IgG-HRP conjugate (Sigma).
For F-actin, centrifugation (100,000 3 g, 10 min, at 20ºC) was con-
ducted after crosslinking, and the supernatant and pellet were ana-
lyzed separately.
Protein Crystallization
Purified G1-Cib23 or G1-Nw2 were added to G-actin at a molar ratio
of 2.5:1 and purified by gel filtration chromatography on Superdex
200 (Amersham Biosciences) in buffer A in order to form 1:1 com-
plexes. Fractions were analyzed by SDS-PAGE, and those contain-
ing the complex were pooled and concentrated to 25 (G1-Cib23:ac-
tin) or 20 mg/ml (G1-Nw2:actin). Crystals of G1-Cib23:actin were first
obtained by using the microbatch method with an HTS1 kit from
Jena Biosciences at 20ºC, and several hits appeared after overnight
incubation. Optimization was carried out with several seeding steps
over 3 weeks with sitting drops until final crystal size of 2003 1003
100 mm was achieved in 7% PEG 3000, 0.1 M HEPES (pH 7.0).
G1-Nw2:actin was also obtained by the microbatch method at
20ºC, in 1.0 ml drops containing a 1:1 (v/v) mixture of protein solution
and 5% (v/v) PEG 8000 (Fluka), 0.1 M sodium acetate, 10 mM CaCl2
(pH 6.5). Crystals were observed after 24 hr and grew to a final size of1003 503 30 mm after 2 weeks of incubation. All of the crystals were
soaked for 10 min in cryo-solutions containing the mother liquor
supplemented with 20% glycerol and were flash frozen in liquid ni-
trogen.
Data Collection and Structure Solution
X-ray diffraction data were collected at 100 K at the MAX-Lab syn-
chrotron facility, Lund, Sweden (G1-Cib23:actin, and ID29 (G1-
Nw2:actin), ESRF, Grenoble, France. The data sets were indexed
with MOSFLM in space groups P21 (G1-Cib23:actin) and P212121
(G1-Nw2:actin) and scaled and merged by using SCALA (CCP4,
1994). Molecular replacement for all molecules was achieved by us-
ing a gelsolin-Tb4 hybrid in complex with actin (PDB 1T44), from
which the Tb4 portion had been deleted, as the search model in
the program AMORE (CCP4, 1994). Refinement was carried out by
using REFMAC5, and density improvement was achieved by several
cycles of WARP (CCP4, 1994). Model building was carried out in the
program O (Jones et al., 1991). Model validation was carried out by
using PROCHECK (CCP4, 1994). MOLSCRIPT was used in preparing
the final figures (Esnouf, 1999; Merritt, 1994).
Model Construction
A composite model of an entire ciboulot domain:actin complex was
built by replacing gelsolin residues 27–148 (from G1-Cib23) with
Cib123 residues 10–34 (Hertzog et al., 2004) and adding the well-
conserved C-terminal helix from Tb4 (Figure 1A; Irobi et al., 2004),
through superimposing the actin structures. A model of the hypo-
thetical complex formed between whole ciboulot and three actin
monomers was created by placing three copies of the ciboulot do-
main:actin model end-to-end such that the ciboulot chains were
contiguous.
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